A pH electrode for the selective determination of H + was introduced. Both phosphorated calix [6] arene and a N,N′-bisethoxycarbonyl-1,10-diaza-4,7,13,16-tetraoxacyclo-octadecane (DZCE) were used as new H + -ionophores. The calibration graphs of the obtained electrodes exhibits satisfactory Nernstian slopes. The electrodes were compared to blank membranes (without any ionophoric substances) for the first time. Selectivity coefficients of the studied electrodes towards several inorganic cations were calculated. The relative selectivity coefficient (RSC) was applied for evaluating the selectivity properties of H + -electrode using a mathematical equation. The electrodes were applied for the determination of different inorganic and organic acids.
Introduction
The determination of the pH of different solutions is a major for research studies, industrial aspects and medical purposes. Glass electrodes have been used for pH measurements for over 70 years. The method was recommended by IUPAC for the determination of pH. 1 After the development of pH-plastic sensors, they will replace the glass electrodes for pH measurements in the online apparatus, and as disposable membranes in medical measurements. This was recommended by the International Federation of Clinical Chemistry 2 to solve problems that arise from using glass electrodes.
Several types of selective electrodes were reported in the literature as responding to H + . Some of them might be a film coated on solid substrate, like ruthenium oxide thin film deposited on silica wafer by Liao and Chou. 3 Other might be a Pt-coated planar hydrogen sensing microelectrode like those that were prepared by Zine et al. 4 They were based on conductive polymer, polypyrrole (PPy), doped with cobaltabis(dicarbollide) ions.
Calixarenes were the most common neutral carriers for H + selective membranes. Liu et al. 5 incorporated derivatives of calix [4] -aza-crown in polymeric ion selective electrodes for pH sensing. Demirel et al. 6 used p-tert-butylcalix [4] arene-oxacrown-4 as an ionophore for hydrogen ion-selective poly(vinyl chloride) (PVC) electrode.
Amines were found to work like ionophores for H + -selective electrodes. Han et al. 7 used N,N′-dialkylbenzylethylenediamine to prepare hydrogen ion selective solid contact electrodes. Moreover, N,N,N′,N′-tetrabenzylalkylenediamine 8 and dibenzylamine derivatives 9 were applied like hydrogen ionselective carriers by Cho et al. Furthermore, n-tridodecylamine was applied as an electrically neutral carrier for H + -selective electrode by Schulthess et al.; 10 it was introduced into a urea biosensor by Koncki et al.; 11 and it was applied in an amperometry ion-selective electrode by Horvai and Pungor. 12 Hexabutyl-triamidophosphate was applied as a neutral carrier into PVC-membrane for H + -selective electrode by Lutov and Mikhelson. 13 From the above survey, we predicted that crown ethers had been not widely applied for H + -selective electrodes. Usually they are applied for alkali metal ions like Na + and K + . 14, 15 In the present study, new ionophoric sensors were introduced for the determination of H + based on either diaza-18-crown-6-ether, or phosphorated calix [6] arene derivative. Both ionophores were locally synthesized and were used for the preparation of the electrodes. Then, the properties of blank membranes (without any ionophores) were studied for the first time. The comparison includes the Nernstian behavior, the sensitivity and the selectivity. The new relative selectivity approach was used for the comparison. The tested electrodes were successfully applied for the determination of different organic and inorganic acids.
experimental

Reagents and materials
Tetrahydrofuran (THF) (Merck) (after its distillation), nitrophenyl octyl ether (NPOE), bis-(2-ethoxyl) sebacate (DOS), dodecyl phthalate (DDP) (Fluka), high molecular weight PVC (Fluka), N,N′-bisethoxycarbonyl -1,10-diaza-4,7,13,16-tetraoxacyclo-octadecane (diaza-18-crown-6) (DZCE) (synthesized using the procedures described previously), 16 and 37,40-bis[(diethoxy-thiophosphoryl)oxy]-5,11,17,23,29,35-hexakis(1,1-dimethylethyl)-calix [6] arene-8,39,41,42-tetrol (CAX) (synthesized by previously described procedures) 17 were used for the preparation of all the membranes. Sulfuric acid, nitric, hydrochloric, acetic, propionic, tartaric, and citric acids were purchased from Panreac, Spain. Glycine, glutamic acid, and sodium glutamate from Sigma were used. Nitrates or chloride salts of inorganic cations (Na + , K + , Li + , NH4 + , Ca 2+ , Mg 2+ , and Ba 2+ ) were purchased from Panreac, Spain. The acid solutions were standardized against standard 0.1 M NaOH E-mail: mohsenzareh@hotmail.com solution by potentiometric titration. Deionized water was used throughout whole work for the preparation of different solutions and for rinsing the electrodes.
Instruments
The cell-EMF values were measured (at room temperature, 25 C) using a bench top model Sension-4 (HACH, USA). The instrument was loaded to a computer system through RS-232 connection and HACH-software. The same instrument was applied for pH-measurements.
Electrode preparation
Two milligrams of DZCE or CAX were applied as sensor materials for all the used membranes types I and II. The mentioned ionophores were mixed with 60 -67 mg NPOE (Ia and IIa), DOS (Ib), or DDP (Ic) plasticizer and 30 -31.5 mg PVC to prepare their corresponding membranes. For blank membranes (type III), only 30 -35.01 mg of PVC and 62 -68 mg of either NPOE, DOS or DDP were incorporated into the membranes IIIa, IIIb, and IIIc, respectively. Each of the formed mixtures was dissolved in THF. Then, it was poured in a glass ring 24 mm i.d. placed on a glass plate. After solvent evaporation overnight, the resulting membrane was cut into discs of 7 mm i.d. The obtained discs were fixed to the rubber tube of an empty HACH-electrode body No. 51920-00 (HACH, USA) for electromotive force measurements. The electrode was filled with an aqueous inner filling solution (0.01 M Li-acetate solution).
Potentiometric measurements
The potentiometric measurements were performed at room temperature (25 C) using a Galvanic cell. This cell can be represented as:
Ag-AgCl/Li-acetate/sample//ion-selective membrane//inner filling solution/Ag-AgCl The outer compartment of the reference electrode was filled with 0.1 M Li-acetate solution.
The potential was measured by immersing the proposed electrodes with a reference calomel into 50 ml of water. Different aliquots of 10 -2 and 10 -1 M of each of the tested acids (sulfuric acid, nitric, hydrochloric, acetic, propionic, tartaric, citric, glycine, glutamic acid, and sodium glutamate) were added to cover a concentration range of 10 -7 -10 -2 M H + . ) were calculated by the use of the separate solution method (SSM). 16 In this case, the emf values of 0.01 M of both the H + solution and the interference solution were measured.
results and Discussion
Electrode properties and membrane composition
The membrane component plays a major role in the electrode properties and performance. It must have a sufficient ionexchange property; in addition, the ligand should not bind to the analyte too tightly. This is to help the ion exchange process. DZCE and CAX are the used ionophores ( Fig. 1) . Three different plasticizers were tried to optimize the membrane composition (Fig. 2) . By examining the DZCE-structure, we find that the ether is of 18-crown-6 type with two N-atoms plus four O-atoms inside the cavity. Accordingly, this is a place where H + can be hosted. Therefore, it can be predicted that this unique structure can be an ionophore for preparing a H + electrode. Sulfuric acid was chosen to check the response of the electrode toward H + , because it is more stable than either HCl or HNO3 acids. In the presence of NPOE, the best slope of the calibration graphs was obtained (55.2 mV/decade) with a linear range 2 × 10 -6 -9.1 × 10 -3 M H2SO4. When ester plasticizers (DOS and DDP) were incorporated into the membrane electrodes Ib and Ic, the calibration graph slopes showed a little lower values than Ia electrode (51.47 and 51.86 mV/decade). In addition, the linear ranges became narrower (6.92 × 10 -6 -7.1 × 10 -4 and 2.69 × 10 -5 -7.1 × 10 -4 M) for Ib and Ic electrodes, respectively. This can be explained if NPOE helps to extract H + by promotion of the ion-exchange process. Figure 2 shows the obtained results. The plasticizer must exhibit sufficient lipophibicity, no crystallization in the membrane and no oxidation. In addition, it must fulfill the selectivity properties. The effect of plasticizer can be clearly found, if only membranes without an ionophore were involved. Electrodes IIIa, IIIb, and IIIc with blank membranes were prepared. They contain only plasticizers NPOE, DOS, or DDP into the PVC matrix without any ionophore. Figure 3 shows the calibration graphs for the blank membrane electrodes (IIIa -IIIc), when we measured H + in H2SO4. The NPOE membrane IIIa showed the best Nernstian response, 57.17 mV/decade. The other membranes (IIIb and IIIc) deviated from the Nernstian behavior. The functional groups and the donation sites of the plasticizers are proved to affect the chelation of the primary ion. In DOS and DDP, the ester groups are the main part in the molecule. This group is usually inactive regarding the coordination interactions. Due to the lone pair of the oxygen atom, the ether group in NPOE is more likely to be associated with the H + . Therefore, this membrane exhibits Nernstian response towards H + . In the absence of the ionophores, the plasticizer link to the primary ion and perform the ion exchange process, which will lead to the potential variation. The equilibrium can be represented as:
where m refers to membrane site, and s refers to the solution.
Tohda et al. 18 applied the Second Harmonic Generation (SHG)-technique for membranes without an ionophore, but in the absence of the primary ion. They tried a PVC-membrane with DOS as a plasticizer. They reported that the SHG-signal is neglected for the DOS-membrane electrode without any ionophores. This agrees with the poor Nernstian response for such a membrane in the present study. As far as I know, the SHG-signals for membranes without ionophores are reported neither for NPOE-nor for DDP-membrane electrodes.
The calibration graphs of the blank electrode IIIa in the presence of 0.1 M NaCl, showed a drop in the slope value 17.7 mV/decade. This drop was not observed for electrode Ia under the same condition. So, it can be concluded that the presence of an ionophore enables the membrane to carry the primary ion and subsequently stabilizes the electrode behavior (slope, linearity, etc.). Figure 4 shows the calibration graphs of the tested electrodes. In addition, the presence of the ionophore prolonged the electrode age (from 1 week for IIIa to 4 weeks for Ia).
Calix [6] arene was applied for measuring H2SO4 by using electrode IIa. Although it showed Nernstian behavior (56.9 mV/ decade), the linear range was narrow (2.69 × 10 -5 -9.1 × 10 -3 M H2SO4). This electrode deviates from Nernstain behavior after two weeks (slope 35.8 mV/decade).
Electrode selectivity
The selectivity coefficient values of an electrode I (Ki,j pot ) is calculated by the SSM 16 for different common cations. Table 1 shows the obtained results. The values of the selectivity coefficients for electrode Ia reveal the high selectivity of this electrode. In case of other electrodes, (Ib, Ic, and IIa), high selectivity coefficient values were observed. These values indicate that the selectivity properties of electrodes Ib, Ic and IIa are lower than those for Ia electrode. This is attributed to the chelating property of the plasticizer NPOE. To prove this effect of the plasticizer, we calculated the selectivity coefficient values for the blank membrane electrodes IIIa, IIIb and IIIc. Likewise Ia, the selectivity coefficient values of IIIa electrode is better than those for IIIb and IIIc electrodes. The second important observation from the selectivity coefficient values of blank electrodes was that these values are very close to the values recorded for electrodes Ia, Ib, and Ic. Accordingly, the plasticizer plays an important role in the selectivity properties of the membrane electrodes.
The comparison of the selectivity values of the DZCE-based Ia electrodes to those of IIa that was based on CAX, showed better selectivity properties for Ia electrode. This is due to the larger cavity size of CAX than the planar DZCE, which allows the competition from other cations.
The relative selectivity coefficient (RSC) is a new parameter that was previously established. 16 It is used to compare the selectivity of different electrodes those are sensing to the same ion. By applying a mathematical equation, one can calculate the RSC for each electrode. 
where x = Ib, Ic and IIa, 3 the number of electrodes, 9 the number of interferents. Table 2 shows the RSC values for all the tested H + electrodes. The TAV for electrode Ia is the least (0.031) among all other electrodes. This means that this electrode has the best selectivity properties.
Determination of different acids
Measurements of HCl and HNO3. Ia and IIa electrodes were applied for measuring other inorganic acids (e.g. HCl and HNO3). The DZCE electrode Ia showed better Nernstain behavior toward HCl and HNO3 than IIa. In addition, the linear range of calibration graph of Ia when measuring HCl is wider (pH 5.16 -2.04) than for HNO3 by almost one complete decade. This may be due to the effect of nitric acid on the membrane constituents. Table 3 shows the obtained results. Measurement of organic acids. Acetic, propionic, tartaric, and citric acids were chosen as examples of organic acids for the measurements of H + -ion by using the proposed electrodes. Table 4 summarizes the obtained results. The measurement of acetic acid was successfully applied using electrode Ia. The slope of the calibration graph was 57.4 mV/decade for a pH range of 3.1 -3.95. Electrodes Ib and IIa were not working perfectly for the determination of acetic acid. For propionic acid, electrode Ia showed Nernstian slope for the calibration graph within a working range pH 3.39 -5.37, while Ib showed only fair Nernstian behavior within a narrow linear range. Nernstian behavior was observed (51.4 mV/decade) for Ia, in the case of measuring tartaric acid. In contrast, the behavior of Poor Nernstain behavior was observed for electrode types (Ib, Ic and IIa) when organic acids were under study. This is due to the nature of the plasticizers and/or the ionophore. The differences in the sensitivity and the behavior of the electrode when measuring different acids are attributed to the differences in the pKa of each acid and the ratio of extracted H + into the membrane phase.
By measuring glycine as an amino acid using Ia-electrode, we observed constant potential values whatever the concentration of the acid. This is due to the buffering effect of the amino acids. In another example, for testing the electrode response to amino acids, we chose glutamic acid to create a calibration graph. Poor Nernstian response was found when using Ia (51.2 mV/decade). This is due to the fact that glutamic acid has an additional carboxylic group, which shares in the ion-exchange process. However, the weak exchangeable property of this group leads to the weak response. When sodium glutamate was measured, no changes in the potential of the electrode were observed whatever the salt concentration. This proved that the electrode is only sensitive toward H + . This was verified by observing the pH value of each solution using a glass electrode simultaneously during measurements that were carried out by Ia-or IIa-electrodes. The pH values of glutamic acid solutions were between 5.97 -2.04. For sodium glutamate solutions, the pH values were 5.84 -6.78. This proved that these electrode is only H + -responsive. Figure 5 shows the obtained results.
As was done for inorganic acids, the acetic acid was chosen to perform the measurement for blank membranes (IIIa, IIIb, and IIIc), which contain no ionophores. The same behavior was obtained as for sulfuric acid, where IIIa electrode behaves Nernstianly (slope 56.37 mV/decade). This proves that NPOE works like an ion-exchanger for H + .
Conclusions
Several points can be concluded from this study. The first point is the use of the N,N′-bisethoxycarbonyl-diaza-18-crown-6 ether as a sensor for H + , although crown ethers were usually applied for K + and Na + . The second point is that plasticizers with donor sites can work like ion exchangers for cationic species like H + . This was proved, for the first time, by the successful performing NPOE-membrane free of any ion-exchanger. DOS and DDP did not show the same behavior due to the absence of donation ability of these molecules. The third surprising point is that the ionophore-free membranes showed selectivity coefficient values close to those of the membranes containing neutral ionophores (e.g. crown ether and calixarene).
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